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The total knee arthroplasty (TKA) has become one of the most successful 
procedures in all of medicine, with an average of over 966,000 operations performed a 
year. Since its introduction in 1968, the TKA’s surgical process and implant designs have 
continuously been improved to increase survivability. However, the need for a revision 
TKA – due to aseptic loosening – continues to be a problematic aspect of the procedure. 
Stress shielding induced by different design parameters of the implant has generated 
controversy in the determination of an ideal configuration. The purpose of this study is to 
investigate how implant design parameters – fixation technique, stem geometry, cement 
stiffness, and interface condition – affect the stress shielding within the tibia, and to find 
an optimal combination of designs that mitigates stress shielding. A CT scan of a tibia 
was used to simulate multiple configurations of TKAs for finite element analysis in 
ABAQUS. Stress shielding was assessed by taking the average minimum principal stress 
of different regions at interval cuts along the depth of the tibia. The results concluded a 
short, full-cement stem to be the ideal combination of stem length and fixation technique, 
high-stiffness cement to be ideal for hybrid cements, low-stiffness cement to be ideal for 
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The Total Knee Arthroplasty (TKA) – first introduced in 1986 – has become one 
of the most successful procedures in all of medicine. With an estimated 966,000 TKAs 
performed in the United Sates in 2017, there is an ever-growing number of adults who 
undergo this procedure [1]. The Academy of Orthopaedic Surgeons (AAOS) projects a 
growth in TKAs by 189 percent in 2030 and 382 percent by 2060, which would equate to 
1.28 million and 2.60 million procedures, respectively [2].  The most common reason for 
the TKA is knee pain due to arthritis – specifically Osteoarthritis – in which the cartilage 
that cushions the bones of the knee wears away. In a knee replacement procedure, the 
damaged cartilage is first removed at the surfaces of the femur and tibia as well as some 
of the surface of the bone. The metal implants are then placed to recreate the surface of 
the joint and a spacer is inserted to create a smooth surface between the components [3].  
Although it is reported that TKAs have demonstrated 10 to 15-year survivorship 
rates exceeding 90%, there are many patients who require an additional Revision Total 
Knee Arthroplasty (RTKA); this is one of the less successful aspects of the TKA. Given 
the projected increase in annual TKAs, there will be an associated increase in RTKAs, 
which according to Delanois et al. (2017) will create an economic burden for the United 
States healthcare system. RTKAs can be a result of some common causes – aseptic 
loosening (30.9%), infection (27.4%), instability (7.4%), and periprosthetic fractures 
(4.7%). These causes originate from the design choices such as fixation technique, 
prosthetic material, and stem design [4].  
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Several studies have investigated how prosthetic designs affect the conditions 
within the tibia. A significant criterion looked at is stress shielding, which occurs when 
the associated post-TKA bone sees a decrease in loading, resulting in bone resorption. 
The goal is to find a balance between the different designs of the TKA components that 
reduces stress shielding, maximizes longevity and most closely replicates the conditions 
of a healthy tibia in order to mitigate the need for a RTKA.   
 
1.1 Anatomy of the Knee Joint 
 
The knee is the largest load-bearing joint in the human body and consists of 
several components – bones, cartilage, ligaments, tendons, and other tissue – that work 
together to fulfill a number of functions such as stability, shock absorption, walking, and 
the raising and lowering of the body. The knee joint is a complex hinge joint in which the 
bones primarily extend or flex about the sagittal plane and rotate about the transverse 
plane, as shown in Figure 1 [5,8].  
 
Figure 1. Body planes and axes [7]. 
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1.1.1 Bones of the Knee Joint  
 
The three bones that make up the knee are the tibia (shin), femur (thigh), and 
patella (knee cap), as shown in Figure 2.  The femur is the largest and strongest bone in 
the body and articulates with the tibia at a location called the tibiofemoral joint. The 
patella sits on top of this joint in a groove at the front of the femur at the patellofemoral 
joint. The main functions of the patella are protection and muscular attachment. The 
distal end of the femur is composed of two protrusions – the medial and lateral condyles 
– responsible for load bearing and structural stability. The proximal end of the tibia 
resembles a plateau that is predominantly flat, also formed by a medial and lateral 
condyle [5,6] 
 
Figure 2. Bone anatomy of knee joint [9]. 
 
1.1.2 Ligaments, Cartilage, Tendons, and Muscles  
 
 The knee has four main ligaments, two of which are cruciate ligaments and two of 
which are collateral ligaments, as shown in Figure 3. The ligaments are tissue responsible 
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for connecting bones to each other and providing stability and strength to the joint. 
Cruciate ligaments ensure anterior-posterior stability while collateral ligaments ensure 
medial-lateral stability. Passive tension in ligaments prevent the excessive separation of 
the joint surfaces [10].  
 There are two types of cartilage present within the knee: articular cartilage and the 
meniscus. Articular cartilage covers the ends of the bones and provide a frictionless 
surface for the bones to glide in order to keep from wearing, which can result in arthritis. 
The meniscus is a c-shaped piece of cartilage that sits at the tibiofemoral joint and 
improves the congruency of the tibial and femoral condyles. Naturally, the geometries of 
the femoral and tibial condyles do not match well, and so the meniscus becomes a crucial 
component in distributing the load across the tibial plateau and preventing wear of the 
articular cartilage [6]. 
 Tendons and muscles are also present in the knee joint to help provide support 
and allow for a normal range of motion. The quadricep and hamstring muscles are 
responsible for allowing the knee to straighten and bend, respectively. These muscles are 
connected to the bone via the patellar tendon. Weak muscles can also lead to arthritis [6]. 
 The knee joint is very complex and consists of several components that work to 
provide stability and support for everyday activities. Weakening or injury in any area can 




Figure 3. Muscular anatomy of knee joint [11]. 
 
1.1.3 Bone Structure 
 
The material of the human bone is considered nonhomogeneous; it consists of 
different tissue that have the ability to undergo structural remodeling as well as self-
healing. Bones can be categorized into two types – cortical bone (compact) and trabecular 
bone (cancellous) – based on their density and porosity, as shown in Figure 4. The 
cortical bone is much denser with a porosity ranging between 5 and 10%, while the 
trabecular bone between 50 and 90% [12]. The cortical and trabecular bone have young’s 
moduli of about 17 and 1 GPa, respectively. The former is usually considered 
transversely isotropic with mechanical properties different in the radial and longitudinal 
directions, performing much better in compression [15]. The cortical bone constitutes 
80% of bone mass and exists as a thin outer shell, surrounding the softer trabecular bone 
within [14].  Understanding the material and structure of human bone becomes helpful in 




Figure 4. Knee bone composition [13]. 
 
1.2 Causes for Total Knee Arthroplasty 
 
 Although there are several possible reasons for a TKA, 90% of all procedures are 
due to late-stage osteoarthritis. This degenerative joint disease occurs when the cartilage 
that surrounds the condyles in the knee joint begin to wear down. When the cartilage is 
worn away, the rough surfaces of the bones become exposed and begin wearing against 
one another. This can result in pain, inflammation, and joint instability, which can 
eventually lead to impaired mobility [16,17]. 
 
1.2.1 Total Knee Arthroplasty Procedure  
 
 The purpose of a TKA is to relieve knee pain by replacing a majority of the 
damaged components within the knee joint with a prosthetic implant. A detailed view of 
pre- and post-TKA knees is shown in Figure 5. Though the material of an implant may 
vary, they are typically composed of biocompatible materials such as metal alloys, 
ceramics, or plastic. Implant designs can also vary depending on the patient as well as the 
models specific to each doctor. The TKA can involve the surface of up to three bones: the 
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tibia, femur, and patella. The focus of this study will be on the tibial component only, as 
it is the location at which most reasons for a RTKA occurs [18].  
 During the procedure, the damaged tissue and cartilage is first removed. Then, the 
tibia and femur are resurfaced to fit the geometries of the implant. The prosthetic 
components are then fixated to the ends of the tibia and femur either using cement or by 
press-fitting. The components generally take on the geometry of their respective bones 
with the femoral component rounder and the tibial component (tibial tray) flatter. After 
the tibial tray has been secured, a polyethylene plate is inserted to sit between the two 
components to provide support and a smooth surface upon which the components can 
glide as the knee bends [18]. 
 
Figure 5. Pre (left) versus post (right) procedure knee [19]. 
 
1.3 Bone Resorption and Stress Shielding 
 
 As mentioned previously, a RTKA is still sometimes necessary despite the high 
success rate of the TKA. Though this is due to a number of reasons, they are generally 
attributed to the consequence of bone resorption caused by stress shielding in the original 
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TKA. Bone resorption is a process by which bone is absorbed and broken down by the 
body. Stress shielding occurs in post-TKA bones due to the presence of implants. When 
the bone experiences a reduction in the magnitude of stresses due to the mismatch of 
implant and bone stiffnesses, bone resorption begins to take place. Changes in cyclic 
loading of less than 1% of the ultimate strength can create changes in bone remodeling in 
just a short period of time, as shown in Figure 6 [20]. This is where the aforementioned 
ability of the bone to structurally remodel itself can become an issue.  
 
Figure 6. Bone resorption and strain [21]. 
 
 The cause of stress shielding resides in the design of TKA components such as 
tibial stem geometry and fixation technique. Several studies have attempted to investigate 
the correlation between different designs and the reduction of stress shielding, in order to 
prolong the longevity of the knee.  
 
1.4 Objectives and Methodology 
 
 The main goal of this study is to investigate how fixation techniques, stem 
geometries, cement stiffness, and interface conditions affect the stress shielding within 
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the tibia, and to find an optimal combination of designs that produce the least amount of 
stress shielding. In order to achieve this goal, several objectives will be pursued, as 
outlined below: 
1. To accurately compare the designs, finite element analysis is used to model both 
the pre- and post-TKA tibia in order to predict the stresses. Through access to CT 
scan models, an accurate three-dimensional model of the tibia is used as the 
baseline and further modified in order to accommodate TKA designs. The tibia, 
tibial stem, and tibial tray are the only components used in the model as the 
remainder of components in the TKA are represented as a load on the tibia.  
2. To be consistent with the models, the tibia is modeled as a single material and 
loading on the tibial plate is represented as axial loading in two regions in order to 
accurately simulate the forces within the knee joint. Varying stem lengths (short, 
medium long), fixation techniques (fully cementation, hybrid cementation), 
cement stiffnesses, and interface conditions are used to generate multiple models.   
3. After the feasibility of models for the pre-TKA tibia and post-TKA tibias have 
been verified, the stresses at specific locations along the tibia are compared in 
order to compute the magnitude of stress shielding present in each design. This 
reveals the optimal combination of designs for a TKA.  
 Though some factors are dependent on the condition of the patient’s knee and not 
mechanical factors, the aim of this study is to be able to provide a better understanding of 







Since its first development, the TKA has continuously evolved to become more 
effective. However, there still exist challenges with longevity such as loosening and bone 
resorption that are driving researchers to find the optimal design. Several studies have 
attempted to look at the effects of TKAs on surrounding bone through modeling and have 
provided insight on both the inadequacies and advantages of each method. This chapter 
provides an overview of the prior research done on TKAs, extracts relevant findings, and 




  According to Orthopedic Design and Technology, Stryker and DePuy Synthes, 
are among the top orthopedic device firms [22]. They are responsible for producing some 
of the longest lasting and most reliable knee arthroplasty implants. For total knee 
arthroplasties, the DePuy Synthes P.C.F. Sigma Knee System and the Stryker Triathlon 
TS Knee System shown in Figure 7 are the most widely used.   
 The Triathlon has achieved over 2 million implantations world-wide and a 99% 
survivorship in 10-year follow ups [23]. Stryker claims the Triathlon to incorporate 
improvements in features studied from previous designs such as stability and tracking. 
The total knee system is capable of accommodating both cemented and cementless 
designs with a modular stem, making for a simple yet effective design. The design is also 
anthropometrically-based, allowing for a wider range of better fitting designs. 
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 The DePuy Synthes P.C.F. Sigma is the most used implant worldwide and has a 
survivorship of 99.6% at 7 years [25]. Similar to the Triathlon, it has a very versatile 
design and can accommodate a cemented and cementless design as well as a variety of 
stem lengths. The implant also contains a variety of other features such as fixed bearing 
technology that minimizes wear and micromotion. 
              
Figure 7. Stryker Triathlon TS Knee System (left) and DePuy Synthes P.C.F. Sigma Total Knee System 
(right) [26,27]. 
2.1 Stem Geometry   
  
 Stem geometry, specifically length, is one of the most sought out factors in 
studying the mitigation of stress shielding. Depending on the manufacturer, stem lengths 
can range anywhere from 20 to 150 millimeters [28]. Stems supplement component 
fixation, offload deficient bone, and reduce interface stresses of damaged bone [29]. The 
stem length can have a profound impact on the mechanical behavior of the surrounding 
bone. There is a continuous trade-off present between stress shielding, stress 
concentrations, and stability, where long stems have more stress shielding and stress 
concentrations but less stability while the opposite is true for short stems [28].  
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Completo et al. (2008) confirmed the prevalence of stress shielding in longer 
stems through a finite element model, but limited the study to a hybrid fixation and 
simplified loading condition [29]. Figure 7 compares the results of stress shielding in the 
medial and lateral regions of a 50mm and 110mm stem. Stress along the length of the 
stem from the tibial surface is quantified as a percentage of the stress of the intact tibia to 
determine where stress shielding is present. The comparison shows a major difference in 
stress shielding between the short and long stem. The short stem does not produce much 
stress shielding while the long stem induces stress shielding up to half of its stem length. 
The analyses also show that at the region of the stem tip, the stress concentration reaches 
up to 4.5 times higher in the short stem, and 7 times higher in the long stem compared to 
the intact tibia. Even with the addition of the polyethylene stem tip, large stress 
concentrations are present at the tip. 
 




However, the study concludes that an ideal stem length is unlikely, as the stem 
choice is not guided by mechanical effects, but by the patient’s clinical condition such as 
quantity and dimensions of bone loss [29]. Despite this, it is still important to consider 
stem lengths in combination with other flexible design factors in order to select the most 
efficient TKA specific to each patient. 
Another study conducted by Bautista (2015) investigated the influence of tibial 
stem geometry on stress shielding in the tibia after a total knee replacement [30]. Bautista 
used finite element models to study the results of modifying prosthetic geometries such 
as lengths and widths for both stem and peg designs. The models were limited to a full 
cement fixation and three stem lengths that only reached a maximum 75 millimeters. 
Similar to the work of Completo et al., Bautista considered the stresses in the medial and 
posterior regions, as they contained the highest level of stresses. Figure 9 shows the 
levels of stress shielding (denoted by a negative percentage) along the length of the tibia 
for various stem lengths and diameters in the medial region.  
 




According to the results, the stress shielding was found to be the highest in the 
longest stems, regardless of stem length. However, there was little to no stress 
concentrations present at the stem tip of any model aside from the “12x25” model, which 
appears to be an outlier. Bautista concluded that stress shielding is directly proportional 
to the amount of material present in the tibia, which explains why longer stems see more 
stress shielding than shorter stems do.   
 
2.2 Fixation Techniques 
 
 Currently, there exist three fixation techniques commonly used in practice – 
press-fit, hybrid cemented, and fully cemented – and the determination of an ideal 
method is still highly controversial [28].  
In a fully cemented stem, cement is applied to the stem and surface beneath the 
tibial plate. Fully cemented stems are often 30 to 100 millimeters and are defined as 
metaphyseal-engaging stems (MES). MESs achieve fixation in the metaphysis or meta-
diaphyseal region of the bone as shown in Figure 10 [31]. Since the metaphysis consists 
of more cancellous bone, MESs are generally cemented in order to fill the space between 
the bone and stem, thus reducing micromotion. Fully cemented stems are much easier to 
implant, provide better initial stability, and come at a lower cost. On the other hand, 
removal of the stem in the event of a RTKA can result in more bone loss than in 
uncemented stems [32]. Additionally, the absence of the diaphysis as a reference in 




Figure 10. Metaphyseal and diaphyseal regions within bone [31]. 
 
Press-fit stems utilize osseointegration instead of cement, in which the bone 
grows and integrates itself into the stem. Osseointegration was found to occur between 4 
to 12 weeks after implantation [33]. A hybrid cemented system uses a press-fit method at 
the region around the stem, but applies a layer of cement beneath the tibial plate. Hybrid 
cemented stems are generally a more common variation of the press-fit stem. Press-fit 
stems are 75 to 150+ millimeters and are defined as diaphyseal-engaging stems (DEM) 
[31]. They achieve stability similar to that of a short, cemented stem but are prone to 
stress shielding of the proximal cortex over the length of the stem [29]. The stability 
comes from the diaphysis engagement, which is helpful in the alignment of the stem and 
crucial to long-term survivability. However, as mentioned previously, the potential for 
end-of-stem pain in these systems is high.  
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 A study conducted by Completo et al. (2008) compared the load sharing and 
stability at the cement-bone interface of cemented and press-fit systems [33]. The study 
utilized finite element models to assess the contact force between the cement-bone 
interface and the load transferred by the stem to the diaphyseal bone. Their results 
showed that the load transferred by the cemented stem to the bone was four times greater 
than the one transferred by the press-fit stem. This was the result of the rigid bond 
between the cemented mantle and its surrounding components, compared to the friction 
forces that carried the load in the press-fit configuration. This study highlights the 
importance of not only the fixation method, but also the conditions of the bone-stem 
interface.  
 
Figure 11. Load transfer at the cement bone interface [33]. 
 
 Chong et al. (2011) also studied the long-term bone resorption effects of using 
different fixation techniques [34]. In the study, five cases were considered: fully 
cemented, hybrid cementing, and cementless with three levels of osseointegration. The 
levels of osteointegration were intended to represent the extremes of clinical 
circumstances. Greater bone densification was observed underneath the stem tip of the 
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hybrid model compared to the cemented model. The fully cemented and ingrown model 
was predicted to have the largest amount of bone resorption, while the hybrid model was 
predicted to have the least. It was discovered that bone resorption in less secure fixation 
occurred at almost half the rate of those in firm fixations. Firm cementation may provide 
better initial stability, but its long-term effects on bone quality can be an issue. The study 
concluded based on a criterion of preserving bone stock, that a hybrid cement with partial 
ingrowth may be a preferred choice. 
 
2.3 Polymethyl Methacrylate (PMMA) Cement 
 
In a cemented TKA, polymethyl methacrylate (PMMA) is generally used to 
secure the prosthesis to the bone. PMMA provides stability to the implant by filling the 
small pores in the bone and creating a rigid interface between the bone and prosthesis. 
Short-term and long-term properties are important considerations for the feasibility of 
cement. Not only does the cement need to be strong enough to support stresses from 
impacts, but it also needs to have a high fatigue strength to ensure survivability. 
However, there is a variety of PMMA-based cements available which yields a range of 
mechanical properties [35].  
Studies have shown most commercial PMMA cements to exhibit short-term 
properties of high compressive strength and low tensile strength, with an elastic modulus 
in the range of 1700 – 3700 MPa [36]. But according to Carlsson et al., high-stiffness 
bone cements are hypothesized to contribute to an increased number of fractures, making 
low-stiffness bone cements more desirable. In efforts to study low stiffness cements, 
Lopez et al. (2011) used castor oil to decrease the modulus from 1500 to 446 Mpa [37]. 
18 
 
However, one of the primary purposes of bone cement is also to transfer load to the bone, 
which is problematic for low-modulus cements. The stress-strain curve in Figure 12 
generated by Scheerlinck [38] from testing shows that PMMA behaves as an elastic 
material at low strains and undergoes plastic deformation at higher strains.  
 
Figure 12. Stress-strain curve of PMMA obtained from testing [38]. 
 
Long-term properties of cements also become important when considering fatigue 
life. Unlike metals, polymers such as PMMA do not have an endurance limit at which the 
material does not fail for a repeated stress. Figure 12 compares the fatigue curve of 
metals versus polymers. After a sufficient number of cycles, PMMA is expected to fail no 
matter how low the stress. Failure of the cement is often due to tensile and shear stresses 
and rarely from compression or bending. A study conducted by Mann et al. determined a 
direct correlation between the amount of interdigitation and the tensile strength of the 




Figure 13. Fatigue curve of metals versus polymers [40]. 
 
2.4 Interface Conditions  
 
 Eidel et al. (2019) examined the result of modifying bone-stem interface 
conditions [41]. By varying the fixation technique and the friction conditions in the bone-
stem interface, they confirmed the presence of stress shielding in models with “stiffer” 
friction conditions. The “stiffness” of each model was ranked in a decreasing order: full 
cement, surface cement with osseointegration, and surface cement with a 0.2 and 0.0 
coefficient of friction. The results showed that stress shielding can be greatly reduced 
despite a large mismatch in implant and bone stiffness if the interface is compliant in 
sliding friction conditions.  
 
2.3 Material Selection 
 
 When selecting material for a TKA implant, it is important to consider its 
mechanical properties and biocompatibility. The material property of the tibial prosthesis 
directly influences how the stress is conveyed to the bone, where the difference in 
stiffness between the material and surrounding bone is proportional to stress shielding 
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[30]. Generally, the tibial and femoral components are metal alloys and the spacer is 
plastic. The most common materials used for implants are Titanium (Ti) and Cobalt-
Chromium (CoCr) alloys for the stems, and polyethylene for the spacer. Although both 
metals are suitable biomaterials, studies have shown Ti alloy to be the preferred choice 
due to a lower modulus, superior biocompatibility, and corrosion resistance. The most 
commonly used Ti alloy is Ti-6Al-4V and the lower modulus of Ti is said to help reduce 
the risk of bone resorption [42].  
 In the same study conducted by Completo et al. (2008), stress shielding observed 
for Titanium and Cobalt-Chromium stems at 110 millimeters revealed negligible 
differences, as shown in Figure 14 [29]. Eidel et al. (2019) also obtained similar results, 
adding that material choice is not as significant as the interface conditions, as the latter 
has a much greater influence on stress shielding. 
 




 As the knee joint is composed of several complex parts, so too are its loads 
equally sophisticated. The knee is capable of bearing loads up to 9 times body weight and 
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the muscular system and tibia are responsible for absorbing most of the energy [43]. 
Many studies simplify the loading conditions as a uniform axial pressure on the tibial 
baseplate, when in reality there are unevenly distributed forces as well as moments due to 
the unique geometries and presence of muscles.  
In a study by Completo et al. (2008), detailed loading conditions were used by 
accounting for a 40 and 60 percent distribution of axial body force between the medial 
and lateral sides of the tibial baseplate, respectively [33]. The model also included an 
anterior-posterior load, an internal-external moment, and a patellar ligament force. A 
schematic representation of the applied loads is shown in Figure 15.  
 
Figure 15. Loading conditions in study from Completo et al. [33]. 
 
Robalo (2011) also used detailed loading conditions by acquiring data obtained 
from experimentation [10]. The data provided moments and forces in all three axes of the 
knee – medio-lateral, vertical, and posterior-anterior. A schematic representation of the 




Figure 16. Loading considered in study from Robalo [10]. 
 
Another study by Completo et al. (2009) only considered loading in the medial 
and lateral condyles using a load 3 times the weight of the body. Forces of 1440 N and 
880 N were applied to the medial and later condyles, respectively. No other forces were 







 In this chapter, the methods used to prepare, generate, and analyze the three-
dimensional solid model of the tibia and prostheses are described. As outlined in Figure 
17, a CT scan of the tibia was first obtained and prepared in SolidWorks and MeshLab. 
The prostheses were then modeled in SolidWorks and the assemblies were generated for 
each configuration. A total of 15 assemblies were created from the different combinations 
of stem geometry, cementation method, cement material, and interface conditions. 
Finally, the assemblies were imported into Abaqus for analysis and evaluation of results.  
 
Obtain CT scan of tibia
Resurface and cut tibia in SolidWorks
Repair and simplify mesh in MeshLab
Model prostheses and tibia cutouts in 
SolidWorks









3.1 Tibia: Mesh Preparation 
 
 In order to build the finite element models, a 3D solid model of the tibia was 
required. The “Standardized Tibia” – a 3D model derived from a CT scan of a synthetic 
human tibia – was selected for this study. The model was provided by Pacific Research 
Labs in a public domain as a STL file.  
 Due to the complexity of the model and its inability to be imported into 
SolidWorks, it was first imported to MeshLab for simplification. MeshLab is an open-
source system used for processing and editing 3D triangular meshes. It is particularly 
useful for reducing geometric complexity and repairing surfaces, while preserving the 
mesh quality.  
 Upon importing the model and running a quality check, it was found that the 
mesh had several self-intersecting faces and zero volume elements. The problematic faces 
elements were removed and the “close holes” command was used to fill them. “Isotropic 
Explicit Remeshing” was then used to improve the quality of the overall mesh, especially 
those of the closed holes. The “Isotropic Explicit Remeshing” algorithm attempts to make 
the mesh as uniform as possible by improving the edge lengths and vertex degrees, thus 
reducing the number of distorted elements. Then, the “Simplification: Quadratic Edge 
Collapse Decimation” algorithm was used to reduce the mesh from 55,000 to 33,750 
faces in order to import into SolidWorks. The model before and after processing the mesh 




 Figure 18. Tibia before (left) and after (right) mesh improvement.  
 
3.2 Prosthesis: Model Development  
 
 The Stryker Triathlon implant was selected for this study. As previously 
mentioned, it has one of the highest survivorships, is the most commonly used in all 
categories – cemented, cementless, and hybrid – and incorporates a modular stem design, 
making it a suitable choice.  
Because Stryker does not publicly release detailed dimensioned drawings of their 
implants, their product catalog was used to replicate the parts as closely as possible. The 
product catalog provides three drawing views and an “A/P” and “M/L” dimension that 
varies for different sizes of implants. As shown in Figure 19, the “A/P” and “M/L” 
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dimensions correspond to the length and width of the tibial baseplate and are selected 
based on the dimension of the resectioned tibial surface.  
 
Figure 19. Stryker Triathlon dimension drawings [44]. 
 
Using the dimensions of the tibia selected for this study, a size was determined for 
the baseplate and the remaining undefined dimensions were then determined by 
overlaying the image in SolidWorks and scaling the sketches. The three configurations of 
the Stryker Triathlon implant model are shown in Figure 20. It is important to note that 
the implants used for this study are simplifications of the Stryker Triathlon, as a few 




Figure 20. Stem models with lengths of 25, 60, 100mm (left to right). 
 
The hybrid and full cement models were generated in SolidWorks based on the 
dimensions of the prostheses and assigned a thickness of 1 millimeter. The hybrid cement 
was made to fit the bottom surface of the tibial plate and sits on top of the resurfaced 
tibia. The full cement includes a portion surrounding the stem in addition to the hybrid 
piece. Both cements are shown in Figure 21.  
 




3.3 Tibia: Model Development  
 
The STL file with the prepared mesh was then imported into SolidWorks as a 
solid model for further simplification and resurfacing. The dimensions of the tibia can 
vary depending on the source of the tibia that is used for the CT scan. This provided 
model was 365 millimeters in length and only the upper 180 millimeters was included, as 
this not only encompasses most stem lengths, but also includes additional bone beyond 
the stem tip for analysis. Cutting the tibia at its mid-region also allowed for a more 
simplified analysis by allowing restraint of the bottom face and reduction of 
computational time. Figure 22 shows the tibia before and after resurfacing and cutting. 
Next, the top surface of the tibia was resectioned in accordance to the surgical process of 
TKRs in preparation for the integration of the prosthesis. A standard length of 10 
millimeters was used for the resectioning.  
 
Figure 22. Tibia model before (left) and after (right) preparation. 
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The final step in developing the tibial models was to remove material on the 
resectioned surface for the stems to be inserted. Each tibia was cut to match the specific 
dimensions of the stems for the cemented and press-fit configurations. A cutout of the top 
surface is shown in Figure 22.  
 
 




In order to investigate the effects of different TKA designs on the tibia, a total of 
14 models were developed. Each model has a unique combination of stem length, 
fixation technique, cement stiffness, and interface condition, details of which are listed in 
Table 1. The designs selected are among the most commonly used in surgical practice 







Table 1. Combination of design parameters for different TKR configurations (HY - Hybrid, F - Full, PF – 
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3.5.1 Intact Tibia 
 
 In order to calculate the amount of stress shielding in post-TKR models, the 
stresses of an intact model are required. It is the basis for all of the comparisons made in 
this study and attempts to replicate the conditions of the pre-TKR tibia. As highlighted in 
Figure 24, the intact model uses the same tibial plate as the other models but does not 




Figure 24. Physiological tibia assembly. 
 
3.5.2 Assemblies  
 
 The prostheses were assembled with their corresponding tibial models in 
SolidWorks to generate 15 different models. Each assembly contains a unique stem length 
and fixation method. The cement stiffnesses and interface conditions were later 




Figure 25. Hybrid (left) and full (right) cement assembly for 25mm stem. 
 




Figure 27. Press-fit (left) and hybrid cement (right) assembly for 100mm stem. 
3.6 Finite Element Model 
 
 Once the final assemblies were verified to not contain any interferences, they 
were exported as Parasolid files to be imported into Abaqus. Parasolid files allow Abaqus 
to recognize individual parts, which is useful for assigning properties. Once imported, the 
assembly was scaled by a factor of 0.001 to convert millimeters to meters and work in 
standard SI units. The assemblies were then assigned material properties, interface, 
loading, and boundary conditions, and mesh properties in order to solve for the stresses.   
 
3.6.1 Material Properties 
 
 The first step in developing the finite element model was assigning material 
properties to the bone, prosthesis, and cement. The values selected for each material’s 
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elastic modulus and Poisson’s ratio, shown in Table 2, are based on preexisting data and 
accepted values.  






Prosthesis Titanium 110 0.3 






 As mentioned previously, the material of bone is fairly complex and difficult to 
represent within a model. The bone is a nonhomogeneous material, consisting of a 
tougher, outer cortical bone and a softer, inner trabecular bone. Additionally, the 
mechanical properties are known to be anisotropic, meaning that the material properties 
vary with direction. There are also other properties such as bone remodeling, which can 
quickly increase the complexity when considered for the model. For the purposes of this 
study, the material of the bone was assumed to be linearly-elastic, isotropic, and 
homogeneous. An elastic modulus of 14.2 GPa was assumed for the for the entire tibia 
based off the study completed by Completo [29]. Because the goal of this study is to 
analyze the stress shielding effects relative to each configuration, the accuracy of the 
stress values is not as critical.  
 The prosthesis was assigned the material properties of Titanium alloy. Although 
Cobalt-Chromium is also widely used, research has shown Titanium alloy to have a lower 
association with end-of-stem pain. This is due to the differences in young’s modulus, 
where Cobalt-Chromium is almost twice as stiff as Titanium.  
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 A large part of this study is to compare the effects of stress shielding due to varied 
cement properties. Since there is a widely accepted range of cement stiffnesses used 
throughout practice, the cement in this study was assigned a range of low to high stiffness 
of 1131, 2261, and 3392 MPa [35,36]. The cement was also assumed to behave 
elastically.  
 
3.6.2 Interface Conditions 
 
 The bone-cement, bone-stem, and stem-cement interfaces were considered for 
each configuration. The interface condition between the bone and cement are dependent 
on the level of cement penetration into the bone. The more cement penetration, the 
stronger the mechanical interlock between the surfaces. Although the cement penetration 
is also dependent on bone density, the interface was assumed to be bonded for all 
configurations in this study. Tie constraints were assigned to the cement-bone interface, 
preventing any relative motion between the pairs of surfaces.  
 In some studies, the cement-stem and bone-stem interfaces are also assumed to be 
bonded. However, a bonded interface does not necessarily represent the conditions 
between these surfaces. Experimental studies have determined the coefficient of friction 
between PMMA and Ti-6Al-4V to vary between 0.17 and 0.32, depending on the 
conditions. Other studies have also assumed different levels of osseointegration between 
the stem and bone. For this study, the cement-stem interface was assigned coefficients of 
friction μ = 0, 0.3, and 0.5 while the bone-stem interface was assigned a bonded 
constraint and coefficients of friction μ = 0.3 and 0.5. The purpose was to study the 
sensitivity of the load transfer mechanism to different frictional conditions. A surface-to-
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surface interaction was assigned between these surfaces, which allows a frictional contact 
property to be assigned to it. 
 
3.6.3 Loading and Boundary Conditions 
 
 As mentioned previously, the loading of the knee joint is complex and difficult to 
simulate within a model. In addition to the axial forces on the medial and lateral 
condyles, there are also forces and moments to consider from ligaments and tendons. 
However, since the medial and lateral axial forces are relatively much greater than other 
forces within the knee joint, they were the only forces considered. In order to simulate a 
maximum loading scenario, a dynamic loading factor of 3 was applied to a 90-kilogram 
human.  
 Prior gait analysis has shown that the load distribution between the medial and 
lateral condyles are not evenly distributed. Loading is predominantly distributed on the 
medial condyle and varies depending on the gait cycle [26]. For this study, a 60% medial 
and 40% lateral distribution of 1588 N and 1059 N are applied respectively. As shown in 
Figure 28, the top of the tibial plate is loaded normal to the surface at each region using a 
pressure force. The distance between the loadings was determined using standard femoral 
condyle dimensions. A partition was used to distribute the loading across a small surface 




Figure 28. Loading and boundary conditions. 
 
 The bottom face at the distal region was assigned a fixed boundary condition 
using the “encastre” selection, preventing any rotation or displacement in each axis.  
 
3.6.4 Mesh Development 
 
 The final step in preparing the finite element model was to select the appropriate 
mesh properties. Due to the complex geometries of the parts, the mesh had to be 
generated using quadratic 10-node tetrahedral elements (C3D10). In order to ensure that 
the surfaces are well-contacted, an equivalent mesh size was used for all parts in order to 
guarantee compatible meshes. A sample of the meshes for the 60-millimeter full cement 




Figure 29. Mesh of TKR components. 
 
In order to determine an appropriate mesh size for the tibia, a convergence study 
was performed using a cut tibia model. This not only helps ensure accurate results, but 
also reduces the need for additional computational cost. Using the loading condition, the 
maximum minimum principal stress was recorded for decreasing seed sizes. Convergence 
is determined when the new seed size stress falls within 1% of the previous stress. The 
mesh was determined to converge at a seed size of 1.5 mm. Figure 30 shows a plot of 




Figure 30. Convergence study. 
 
 To further ensure accuracy and convergence of the model, the “mesh verify” tool 
was used to check the quality of the elements based on tetrahedral element criteria 
provided by Abaqus [47]. The mesh verification tool detects the percentage of elements 
that do not fall within the criteria listed in Table 3. The percentage of element distortion 
for all models fell below 0.22%, indicating acceptable mesh quality.  
 
Table 3. Abaqus default mesh criteria [47]. 
Selection Criteria Tetrahedral 
Smaller face corner angle 5 
Larger face corner angle 170 
Aspect ratio 10 
Short edge 0.01 
Shape factor 0.0001 































3.6.5 Post-Processing  
 
 After running the analyses, the stresses were extracted from the tibia in each 
configuration to calculate stress shielding. In order to more accurately capture the trend 
of stress shielding along the depth of the tibia, the stresses were analyzed at increments of 
10 millimeters for the regions that contain the stem. The regions at which the stem is 
present are expected to have higher levels of stress shielding.  The tibial stresses were 
analyzed by dividing the tibia into four regions – medial, lateral, posterior, and anterior – 
as shown in Figure 31. Because much of the prior research has taken the same approach, 
it makes for a more accurate comparison when looking at stress shielding.  
 
 





RESULTS AND DISCUSSION 
 
 This chapter details the process of obtaining, observing, and discussing the results 
of each configuration from the finite element models in Abaqus. The tibial stresses from 
each model were extracted and compared to the intact tibial stresses in order to quantify 
stress shielding. The effects of varying stem lengths, fixation methods, cement 
stiffnesses, and cement interface conditions were studied in order to understand their 
effects on load-transfer and stress shielding. For this study, one to two parameters were 
varied while the others were held constant in order to study their effects on the system. 
The results and conclusions were compared to existing studies and research to validate 
this study and account for any discrepancies. An ideal configuration was also determined 
based on a stress shielding criterion.  
 
4.1 Stress Shielding and Intact Tibial Stresses  
 
In order to quantify stress shielding, the stresses within the intact tibia had to first 
be obtained. Similar to the approach taken in the studies of Completo et. al [29] and 
Bautista [30], the minimum principal stress was used to compute stress shielding. 




∙ 100  
where 𝜂 is the stress shielding, 𝜎𝑜 is the intact tibial stress, and 𝜎 is the post-TKA stress. 
Stress shielding is represented as a percentage, where a negative value indicates that the 
post-TKA tibial stresses have decreased relative to the intact tibia and stress shielding is 
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present. A decrease in compressive stress relative to the intact tibial stress is correlated to 
a greater amount of stress shielding. The minimum principal stress corresponds to the 
most compressive principal stress and is an important measure for this study. Figure 32 
locates where the stress in the z-direction is zero - otherwise known as the neutral plane – 
for the intact tibia. The neutral plane provides an indication of the bending behavior of 
the tibia. As seen on the plot, the tibia is predominately in a state of compression. The 
region “behind” the plane, or in the posterior direction is in compression while the 
opposite side is in tension. This means that the tibia deflects towards the medial, 
posterior, and a small part of the lateral regions. The location of the neutral plane is 
determined both by geometry and loading of the tibia.  
 
Figure 32. Neutral plane of the intact tibia. 
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The intact tibial stresses were determined by taking the minimum principal stress 
at the centroid of each element and computing the average of each region at select 
intervals from 0 to 120 millimeters. Thus, each value represents the overall average 
behavior in each region. Table 4 lists the compressive stresses at each region, figure 33 
shows the stress distribution from the frontal plane, and Figure 34 plots the corresponding 
stresses. 
As seen by the graph in Figure 34, the medial and posterior regions are in a higher 
state of compression while the lateral and anterior are much lower. This can once again 
be attributed to the non-uniform loading and the geometry of the tibia, which causes the 
tibia to deflect mostly towards the medial and posterior region. 
 





Table 4. Average minimum principal stress along the length in each region of the intact tibia. 
Length 
[mm] 
Average Minimum Principal Stress [Pa] 
Medial Lateral Posterior Anterior 
0 -1.03E+06 -6.92E+05 -2.86E+05 -3.42E+05 
10 -8.03E+05 -5.80E+05 -5.35E+05 -4.19E+05 
20 -1.22E+06 -8.42E+05 -1.23E+06 -5.03E+05 
25 -1.60E+06 -1.02E+06 -1.68E+06 -5.18E+05 
40 -2.77E+06 -1.39E+06 -2.66E+06 -7.61E+05 
50 -3.35E+06 -1.47E+06 -3.00E+06 -8.98E+05 
60 -3.53E+06 -1.42E+06 -3.15E+06 -8.99E+05 
70 -3.72E+06 -1.45E+06 -3.18E+06 -9.99E+05 
80 -3.97E+06 -1.35E+06 -3.04E+06 -1.15E+06 
90 -4.27E+06 -1.30E+06 -3.18E+06 -1.26E+06 
100 -4.62E+06 -1.16E+06 -3.20E+06 -1.33E+06 
120 -5.30E+06 -8.44E+05 -3.08E+06 -1.53E+06 
 
    
 


























Distance Along Tibia [mm]
Intact Tibial Minimum Principal Stresses
Medial Lateral Posterior Anterior
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4.2 Stem Length and Fixation Technique 
 
 Since the selection of fixation technique generally depends on the stem length, 
those parameters are varied while the cement stiffness and interface condition remain 
fixed.  Figures 35 and 36 plot the stress shielding in the medial and lateral region along 
the length of the tibia from the top surface for each fixation technique and stem length. 
Table 5 and 6 list those stress shielding values. As mentioned, the stress shielding is 
based on the average of the stresses in each region, details of which can be found in the 
Appendix. Figure 35, 36, and 37 are the stress contour plots of the corresponding models. 
The medial and lateral regions are analyzed to contrast the effects on stress shielding of 
regions with differing stress distributions.  
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Table 5. Stress shielding values in the medial region for varied stem lengths and fixation techniques. 
Length 
[mm] 
Stress Shielding - Medial Region 
Hy-25 F-25 Pf-60 Hy-60 F-60 Pf-100 Hy-100 
0 -55.73 -52.86 -44.66 -57.94 -56.95 -46.78 -57.48 
10 -13.68 -14.08 -13.63 -20.77 -26.88 -18.22 -21.22 
20 -1.08 -2.24 -17.55 -21.21 -23.24 -19.05 -21.20 
25 1.13 -0.98 -20.26 -23.52 -22.21 -21.02 -22.53 
40 4.24 0.71 -25.68 -24.45 -17.83 -29.94 -29.58 
50 - - -16.77 -14.46 -4.51 - - 
60 4.51 0.62 1.03 2.28 -2.85 -37.64 -36.78 
80 4.50 0.53 4.48 5.25 0.91 -36.99 -33.58 
90 - - - - - -19.85 -19.31 
100 4.75 -0.55 4.52 4.21 -0.56 0.81 2.69 
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Table 6. Stress shielding values in the medial region for varied stem lengths and fixation techniques. 
Length 
[mm] 
Stress Shielding - Lateral Region 
Hy-25 F-25 Pf-60 Hy-60 F-60 Pf-100 Hy-100 
0 -65.83 -61.96 -53.44 -68.19 -66.20 -55.38 -68.38 
10 -28.46 -28.03 -27.41 -35.99 -40.86 -29.08 -36.27 
20 -15.71 -10.62 -35.53 -37.79 -43.05 -35.67 -38.90 
25 -11.86 -6.74 -45.73 -46.59 -48.98 -43.79 -48.89 
40 -9.80 -2.41 -61.27 -64.35 -54.77 -64.20 -67.66 
50 - - -50.78 -49.04 -35.28 - - 
60 -10.16 -6.18 3.91 -7.25 2.18 -72.61 -76.16 
80 -16.64 -5.49 -11.28 -13.67 -6.32 -69.55 -72.96 
90 - - - - - -55.68 -56.31 
100 -16.09 -0.14 -24.56 -21.51 -6.54 -5.55 -7.53 










Figure 38. Stress contour plots of the 60mm press-fit (left), hybrid (middle), and full cement (right) models 
viewed in the frontal plane. 
 




The presence of stress shielding along the stem was observed for all models. 
According to Figures 35 and 36, the stress shielding beneath the tibial baseplate is fairly 
high in all models and decreases overall approaching the stem tip. However, the 60- and 
100-millimeter models experience a local decrease in stress shielding around the 10 to 
20-millimeter range before increasing to a fairly high level and then dropping back down 
to physiological levels near the stem tip, where the stress shielding is close to 0%. Past 
the stem tip, the stresses are consistently maintained near the physiological level for all 
models. Long stems experience a significantly greater overall stress shielding compared 
to the short stems, regardless of the fixation method. The press-fit configuration 
experiences the least amount of stress shielding beneath the baseplate compared to the 
hybrid and full cement. The full cement however, experiences the lowest stress 
concentrations near the stem tip. Additionally, the stem contains much larger 
compressive stresses compared to the surrounding bone, as shown in the contour plots. 
The stress shielding trends observed in the medial and lateral regions for all 
models are mostly consistent with expectations, according to the in vitro study conducted 
by Bourne et. al [47] and an FEA study conducted by Bautista [30]. However, a study 
conducted by Completo et. al [29] observed stress shielding to be present only up to half 
of the length of the stem, which is not the case. Stress shielding is present along the entire 
stem and generated due to the implementation of a stiff Titanium stem, which alters the 
load transfer mechanism and deflection. The effects on the load transfer mechanism play 
a much larger role in influencing the stresses than the deflection does. However, it is still 
important to note that due to the implementation of a stiff stem, the post-TKR tibia does 





Figure 40. Neutral plane of the intact tibia (red), 25mm (yellow), 60mm (blue), and 100mm (purple) 
stemmed tibias. 
Figure 40 locates the neutral planes of the intact tibia and the 25, 60, and 100-
millimeter stemmed tibias. The region “behind” the plane or in the posterior direction is 
in compression while the opposite side is in tension. The figure shows that the neutral 
plane translates and rotates in the direction of the origin with the implementation of the 
stem. The longer the stem, the more the neutral plane translates and rotates towards the 
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medial region, inducing more tension in the anterior and lateral regions. Though, the 
neutral plane only intersects a portion of the lateral region. This explains why the stress 
shielding in the lateral region is noticeably larger than that of the medial region, 
especially with longer stems. It’s important to note that the shift in neutral axis occurs 
only along and slightly past the length of the stem. Further down the tibia, the neutral 
planes realign with that of the intact tibia, which partially explains why the stress 
shielding approaches zero beyond the stem. The behavior of the tibia is comparable to 
that of a composite beam but more complex due to the asymmetrical geometry of the 
tibia and the non-uniform loading condition.     
The effects on the load transfer mechanism are most notable beneath the baseplate 
and at the stem tip. The region beneath the tibial baseplate is where some of the highest 
levels of stress shielding occur. As theorized by Eidel et. al [41], the forces applied to the 
tibia can be decomposed between the baseplate and the stem. Due to the bond between 
the stem and the bone, the stem will transmit a majority of the total load applied via shear 
stresses and axial loads to the bone. Consequently, the tibial plate will see a reduction in 
force transmission and thus induce stress shielding beneath the plate. Despite this, the 60- 
and 100-millimeter stems still see a localized decrease in stress shielding in the 10 to 20-
millimeter range due to the compressive loads induced by the tapering region of the stem. 
According to the Tables 5 and 6, the hybrid cemented models induce the greatest amount 
of stress shielding beneath the tibial plate, followed by the full cement and press-fit 
models. This is attributed to the thin layer of cement that is applied beneath the plate in 
both the hybrid and full cement models. Due to its relatively lower modulus, the cement 
is less effective in transmitting load to the bone compared to a Titanium-bone interface. 
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This same reasoning along with the fact that cement helps distribute stresses explains 
why the full-cemented stems see a reduction in stress concentrations at the stem tip. 
When considering the results from Completo et. al [29], in which stress 
concentrations were observed at the stem tips, Figures 35 and 36 do not present the same 
conclusion. The apparent lack of stress concentrations at the stem tips are due to the fact 
that the stresses are averaged across the entire region – not just the interface – which 
results in an overall lower average stress. When looking at the stress contour plots, stress 
concentrations are in fact present at the stem tips of every model. The 100-millimeter 
stems induce large stress concentrations, whereas the 25-millimeter stems do not. 
According to Robalo [10], localized increase of stresses at the stem tip are attributed to 
the fulcrum effect. This occurs when the condylar forces generate a bending moment 
along the stem and “pushes” the stem tip into the bone. This explains the reason why 
patients with longer, press-fit stems report localized pain within the tibia. The longer the 
stem, the greater the moment, and thus a greater force seen at the tip. This bending 
moment can be visualized on the contour plots of the stems. 
After comparing the various stem lengths and fixation techniques, it can be 
concluded that the full cement 25-millimeter stem is the best choice while the hybrid 100-
millimeter stem is the worst, based on a stress shielding criterion. At its greatest, the 
difference in stress shielding between the two models is almost 40%. However, it’s still 
important to consider that the choice of stem length and fixation methods is generally 
governed by the conditions of the patient, such as quantity of bone loss and geometry of 




4.3 Cement Stiffness 
 
In this section, the results of varying the cement stiffness are studied. Specifically, 
the stress shielding in the medial and lateral region are compared for a 60-millimeter 
stem’s hybrid and full cement configurations with varying levels of stiffnesses. A low, 
medium, and high stiffness are denoted with a “1”, “2”, and “3’, respectively. The low 
stiffness is 50% lower than the medium stiffness and the high stiffness is 50% higher than 
the medium stiffness. Figures 41 and 42 plot the stress shielding along the length of the 
stem, Tables 7 and 8 list their corresponding values, and Figure 43 and 44 shows the 
contour plots. 
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Table 7. Stress shielding values in the medial region for varied cement stiffnesses. 
Length 
[mm] 
Stress Shielding – Medial Region 
Hy60-1 Hy60-2 Hy60-3 F60-1 F60-2 F60-3 
0 -61.02 -57.94 -56.36 -57.43 -56.95 -56.09 
10 -20.43 -20.77 -21.05 -27.62 -26.88 -26.46 
20 -21.10 -21.21 -21.38 -22.80 -23.24 -23.47 
25 -23.46 -23.52 -23.64 -21.08 -22.21 -23.43 
40 -24.45 -24.45 -24.46 -12.88 -17.83 -20.97 
50 -14.46 -14.46 -14.45 1.41 -4.51 -8.31 
60 2.28 2.28 2.28 -3.20 -2.85 -2.48 
80 5.25 5.25 5.25 0.91 0.91 0.86 
100 4.21 4.21 4.21 -0.56 -0.56 -0.56 
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Table 8. Stress shielding values in the posterior region for varied cement stiffnesses. 
Length 
[mm] 
Stress Shielding – Lateral Region 
Hy60-1 Hy60-2 Hy60-3 F60-1 F60-2 F60-3 
0 -71.02 -68.19 -66.55 -68.17 -66.20 -65.02 
10 -35.70 -35.99 -36.26 -41.82 -40.86 -39.19 
20 -37.20 -37.79 -38.27 -41.54 -43.05 -41.58 
25 -46.11 -46.59 -46.96 -44.11 -48.98 -46.91 
40 -64.32 -64.35 -64.38 -44.82 -54.77 -57.39 
50 -49.04 -49.04 -49.04 -21.70 -35.28 -40.08 
60 -3.59 -7.25 -3.59 1.79 2.18 2.79 
80 -13.67 -13.67 -13.67 -6.32 -6.32 -5.58 
100 -21.51 -21.51 -21.51 -6.54 -6.54 -6.53 





Figure 43. Stress contour plots of the 60mm hybrid cement models with low to high (left to right) cement 





Figure 44. Stress contour plots of the 60mm full cement models with low to high (left to right) cement 
stiffnesses viewed in the frontal plane. 
 Overall, the least stiff cement induced the greatest amount of stress shielding in 
the hybrid cement configuration and the least amount in the full cement configuration. 
According to Tables 7 and 8, the stress shielding beneath the baseplate increased slightly 
with a decrease in cement stiffness for both configurations. This is the only noticeable 
difference within the hybrid cement models. Moving along the stem, the stress shielding 
in the hybrid cement models quickly converge and maintain the same level throughout 
the tibia. However, the full cement models have relatively larger differences in stress 
shielding for varying cement stiffnesses, specifically in the 20 to 50-millimeter region. As 
shown in Figures 43 and 44, the stresses at the stem tip are much higher in the hybrid 
cement configuration than in in the full cement configuration. Additionally, the least stiff 
cement induces the lowest stresses at the stem tip among the full cement models. 
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Changes in cement stiffness also appear to affect the load transfer mechanism and 
the deflection. Noticeable effects on the stress shielding are seen below the baseplate and 
at the stem tip. As previously mentioned, this is due to the effect that the modulus has on 
the ability to transfer load, resulting in lower stress in the low stiffness cement and vice 
versa. The contour plots in figure 44 show a considerable reduction in stress shielding at 
the stem tips from the highest to lowest cement stiffness. Beneath the baseplate, stress 
shielding is more sensitive in the hybrid cement than the full cement configuration. At a 
maximum, an increase of the cement modulus by 200% yields a reduction in stress 
shielding beneath the baseplate by about 5% in the hybrid cement model and 3% in the 
full cement model. The relatively small effect that modifying the stiffness of the cement 
has on stress shielding can be attributed to the fact that the modulus of the cement is 
magnitudes lower than those of its surrounding materials.  
 The lower stress shielding – specifically in the 20 to 50-millimeter region – of the 
full cement models can be attributed to the behavior of the bending due to changes in 
cement stiffness. The full cement model introduces a layer of cement at the region where 
the bone would be present in the hybrid cement. As shown in Figure 45, which compares 
the neutral planes of the hybrid and full cement configuration with that of the intact tibia, 
replacement of a high modulus bone with a relatively low modulus cement allows the 
tibia to undergo more deflection and shifts the neutral plane closer that of the intact tibia 
(in the 20 to 50-millimeter region), increasing the compressive loads throughout. At a 
maximum, stress shielding in the full cement models see a difference of about 20% 
between the lowest and highest stiffness cement in the lateral region. 
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Darwish et. al [46] conducted one of the only studies that investigates the effects 
of cement stiffnesses on TKA stresses. Using a hybrid model, Darwish et. al concluded 
that increasing the stiffness by a maximum of 50% from fairly high levels of 2500 to 
3750 MPa would yield optimal stresses in the TKR. Any stiffness beyond that margin 
would produce undesirable results. The only criteria used to draw this conclusion were 
the Von-Mises stresses with no reference to the physiological stresses. In contrast to 
Darwish et. al, the results found in this study recommend increasing the stiffness of 
cement in the hybrid cement configurations while decreasing the cement stiffness in full 
cement configurations. Though, further research should be conducted on reducing the 
stress shielding below the tibial plate for full cemented models due to the stress shielding 





Figure 45. Neutral plane of the intact tibia (red), 60mm hybrid cement (blue) and 60mm full cement 
(yellow) tibias. 
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4.4 Interface Conditions 
 
 To study the effects of interface conditions on tibial stress shielding, the 60-
millimeter stemmed model with hybrid and full cement configurations was observed for 
modifications in the stem-bone and stem-cement interface, respectively. The stem-bone 
interface was assigned a bonded, frictionless, and coefficient of friction of 0.3 condition 
to simulate different levels of osseointegration. The stem-cement interface was assigned a 
bonded and coefficient of friction of 0.3 and 0.5 condition in order to simulate different 




























Distance Along Tibia [mm]
Stress Shielding - Stem-Bone Interface (Medial)




Figure 47. Stress shielding in the lateral region for modifications in the stem-bone interface. 
 


















0 -49.29 -49.70 -57.94 -62.61 -62.95 -68.19 
10 -15.59 -15.66 -20.77 -39.69 -39.86 -35.99 
20 -19.89 -20.50 -21.21 -40.62 -41.17 -37.79 
25 -19.55 -20.31 -23.52 -42.18 -42.87 -46.59 
40 -12.01 -13.63 -24.45 -45.91 -46.17 -64.35 
50 -2.51 -4.90 -14.46 -46.87 -47.17 -49.04 
60 0.60 0.89 2.28 -4.49 -5.72 -7.25 
80 5.07 5.06 5.25 -22.03 -22.00 -13.67 
100 4.21 4.21 4.21 -24.74 -24.74 -21.51 
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Figure 48. Stress shielding in the medial region for modifications in the stem-cement interface. 
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0 -54.71 -54.75 -56.95 -68.81 -68.96 -66.20 
10 -20.79 -21.26 -26.88 -34.38 -35.08 -40.86 
20 -13.95 -14.68 -23.24 -26.96 -28.11 -43.05 
25 -12.41 -13.11 -22.21 -28.33 -29.40 -48.98 
40 -5.40 -6.26 -17.83 -34.38 -34.77 -54.77 
50 1.49 0.62 -4.51 -31.97 -32.14 -35.28 
60 -3.27 -3.16 -2.85 7.39 6.82 2.18 
80 0.90 0.89 0.91 -6.06 -6.00 -6.32 
100 -0.57 -0.57 -0.56 -6.56 -6.55 -6.54 
120 -1.80 -1.80 -1.79 2.72 2.71 2.70 
 
 
Figure 50. Stress contour plots of the frontal plane for stem-bone interface conditions: bonded (left), μ =0 




Figure 51. Stress contour plots of the frontal plane for stem-cement interface conditions: bonded (left), 
μ=0.3 (middle), and μ =0.5 (right). 
In both cases of modified interface conditions, the bonded interface consistently 
exhibited more stress shielding throughout the tibia, whereas sliding friction condition 
(unbonded) exhibited lower but nearly identical levels of stress shielding. As shown on 
the plots of Figures 46 to 49, the difference in stress shielding between the bonded and 
sliding interface conditions is seen at the locations at which the stem is present – most 
noticeably in the 20 to 50-millmeter region. There is up to a 20% difference in stress 
shielding in the region for both conditions. According to the contour plot in Figures 50 
and 51, the stresses at the stem tip are higher for the bonded cases and the bending 
stresses within the stem are lower for the sliding friction cases.  
With changes in the interface condition, the load transfer mechanism and bending 
of the tibia are affected. The load transfer mechanism is influenced by the interface’s 
ability to sustain shear stresses. The higher the coefficient of friction, the more shear 
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stresses develop at the interface. During loading, the condylar forces are primarily 
transmitted via shear stresses axially at the distal region, thus reducing the stress and 
increasing the stress shielding in the proximal region. This explains why the bonded 
interfaces consistently exhibit higher stress shielding and greater stresses at the stem tip. 
With a sliding friction interface, there is more force transmission through the baseplate, 
which reduces stress shielding in the proximal regions along the stem. The tibial bending 
is also influenced by the presence of shear stresses at the interface. Sliding friction 
conditions allow movement between the contacting surfaces whereas the bonded 
condition does not. By allowing relative displacement, the bone is able to undergo a 
deflection closer to that of the intact tibia. The neutral plane of the tibia with sliding 
friction conditions would shift closer to that of the intact tibia and induce more 
compressive stresses throughout, reducing the overall amount of stress shielding. 
These results partially agree with finite element studies conducted by Eidel et al. 
[41] and Chong et al. [34], which investigate the effects of interface conditions on stress 
shielding. It is without question that sliding frictional interfaces are preferred when it 
comes to reducing stress shielding in the tibia. However, these results show that stress 
shielding cannot be avoided even with sliding friction interface conditions, contrary to 
the claims by Eidel et al. As long as there is implant material within the tibia with largely 
mismatched stiffnesses, stress shielding will always be present. When considering that 
the purpose of cement is to provide initial fixation stability in full cement models, it 
appears difficult to achieve with sliding frictional surfaces. Additionally, the choice of 
fixation is often governed by the conditions of the tibia. Thus, sliding frictional interfaces 
can be beneficial for both models in terms of reducing stress shielding, but more studies 
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should be conducted on the trade-off between interface conditions and long-term 






The goal of this study was to closely investigate the effects of TKA parameters – 
stem length, fixation technique, cement stiffness, and interface conditions – on tibial 
stress shielding in order to determine an ideal configuration that promotes longevity. By 
modifying one of the parameters while holding the others constant, this study was able to 
better understand the individual effects on tibial stresses. The results found in this study 
not only introduce new findings in addition to confirming existing ones, but also provide 
an alternative perspective of the methods used to obtain these findings. This chapter 
summarizes the findings of this study, considers its limitations, and provides 
recommendations for future research. 
 
5.1 Summary of Findings 
 By first investigating the effects of different stem lengths and fixation techniques, 
it was discovered that stress shielding is achieved through the alteration of the load 
transfer mechanism and deflection of the tibia, where the former has a greater impact. It 
was concluded that stress shielding is proportional to the stem length and present up to 
and slightly past the stem tip, contrary to results found in other studies. The load transfer 
is affected due to the implementation of a much stiffer stem into the tibia. With a 
Young’s Modulus almost 10 times greater than that of the surrounding bone, the stem 
transfers a majority of the condylar loads via shear and axial stresses to the distal region, 
reducing the stresses in the proximal region and inducing stress shielding. Results also 
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confirmed the presence of high stresses at the stem tip, which is responsible for the end-
of-stem pain sometimes reported by patients. Results confirmed a correlation between 
stem length and stresses at the stem tip and induced by the moment due to the non-
uniform loading, which increases with stem length. Referencing the neutral plane of the 
intact tibia also proved that the stem length is proportional to the amount of shift in the 
neutral plane. Comparisons showed the neutral plane translated and rotated more towards 
the origin for longer lengths, which increased the tensile stresses in the lateral region and 
decreased the compressive stresses in the medial region. This explained why the lateral 
region saw a greater amount of stress shielding relative to the medial region. Next, 
comparisons of the different fixation techniques helped understand the effect of cement 
on the tibial stresses. Though the purpose of the cement is to provide initial stability and 
distribute loads, it is also responsible for provoking stress shielding. The relatively low 
modulus of the cement weakened the stem’s ability to transfer load, which was visible 
beneath the baseplate and at the stem tip. While the cement increased stress shielding 
below the baseplate, it helped reduce the stress concentrations at the stem tip. Although 
the effects were small, the replacement of bone with an intermediary cement in the full 
cement models was believed to also help the tibia undergo a deflection more closely to 
that of the intact tibia. Based on a stress shielding criterion, it was concluded that the 
short, 25-millimeter, full cemented stem is the most ideal configuration and the long, 
100-millimeter stem is the least. However, it is important to consider that circumstances 
do not always allow the selection of any fixation method and stem length. Often, the 
existing conditions of the tibia – bone geometry and bone quantity – and even the 
surgeon’s preferred method are what may govern the decision.  
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 The following investigation of cement stiffness on tibial stress shielding 
concluded that an increase in cement stiffness is preferred for hybrid cement, while a 
decrease in cement stiffness is preferred for full cement. Changes in cement stiffness did 
not have a significant impact on the hybrid cement, as increasing stiffness reduced stress 
shielding only below the tibial baseplate, while keeping values equal along the remainder 
of the tibia. The full cement however, saw reductions in stress shielding and stresses at 
the stem tip with lower cement stiffness. The inability to effectively transfer load due to 
an intermediary cement layer proved to be beneficial for full cement. Comparing the 
neutral planes of the full and hybrid cement models showed that the neutral plane of the 
full cement was closer to that of the intact tibia. It was thus concluded that a decrease in 
cement stiffness would further bring the neutral plane closer to that of the intact tibia. 
 Finally, the study of the stem-bone and stem-cement interface conditions for the 
hybrid and full cement configurations, respectively, concluded that a sliding frictional 
interface is preferred to a bonded one. The implant transmits the condylar forces to the 
tibia mostly through the stem via axial and shear stresses. With a bonded interface, the 
shear stresses increase, which decrease the transfer of load through the baseplate. A 
sliding interface not only reduces the shear stresses, but also shifts the neutral plane 
closer to that of the intact tibia, increasing the compressive stresses throughout. Small 
modifications in the frictional coefficients did not have noticeable effect on the stress 
shielding. Once again, although the choice of fixation is not solely dependent on these 
mechanical factors, the hybrid cement may be the only configuration to benefit from 
sliding friction conditions. This is because the purpose of cement is to provide stability 
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and a sliding friction condition could potentially accelerate loosening. To add, full 
cements are generally used for conditions in which bone quality has already weakened. 
 Based on the results of this study, an ideal TKR configuration that yields the least 
stress shielding would include a short stem with either a hybrid cement with high 
stiffness cement, or a full cement with a low stiffness cement. The addition of sliding 
friction conditions would provide immediate reduced stress shielding but cannot 
guarantee long term sustainability.    
 
5.2 Limitations and Recommendations 
 While this study provided useful insight on the effects of modifying TKA 
parameters on tibial stress shielding, future research should first be focused on more 
accurately simulating the conditions within the tibia. This study assumed a linear, 
isotropic, homogeneous material for the bone with a simplified loading condition. In 
reality, the bone is composed of different material properties and the loading is 
additionally composed of forces from muscles, ligaments, and tendons. Tibial geometry 
can differ from patient to patient, which could alter stress distributions. Also, the material 
properties of the tibia used in this model correspond to a specific bone condition. In 
realty, there is a wide range of patients at different ages with differing tibial bone 
conditions, and so the tibia may have varying material properties. Additionally, when 
taking Wolff’s law into account, the material of the bone surrounding the implant may 
become stiffer or weaker over time. This adaptive property of bone should also be 
considered for more accurate results. Considering these details may yield similar overall 
trends since the average values of stress were used to compute stress shielding in this 
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study. However, this would guarantee a more accurate modeling of the tibia which would 
greatly benefit in assessing the detailed locations at which the stress shielding occurs.  
 Following studies should also consider stress shielding for different implant 
designs. Even though stem length is the dominant factor correlated to stress shielding, 
this study has shown how stress distributions along the stem may be unique to each 
design. This study selected one of many implants with a very high survivorship rate. 
Specific comparisons of stress distributions should be compared for various implants 
with low and high survivorship rates to determine favorable design features. 
 Lastly, future studies should also focus on the mitigation of stress shielding with 
cement. Existing literature has claimed one fixation technique or a specific cement 
stiffness value to be ideal, when in fact that is not necessarily the case. This study has 
proven hybrid cements to work well with high stiffness cements and full cements to work 
well with low stiffness cements. Further studies should be conducted on modifying 
cements to reduce stress shielding. Perhaps using cements with different stiffnesses at 
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